The effects of a diet supplemented with branched-chain amino acids (BCAA; 4.8% or 6.2%) on BCAA catabolism and glycogen metabolism in rats were examined. Rats were fed a BCAA diet or control diet for 4 wk and part of the rats were subjected to exercise training during the experimental period. Feeding the BCAA diet increased serum BCAA concentrations and activity of the hepatic branched-chain a-keto acid dehydrogenase com plex, the rate-limiting enzyme in the catabolism of BCAA, suggesting that dietary BCAA promotes BCAA catabolism. Although the serum glucose concentration and glycogen con tents in the liver and gastrocnemius muscle of rested rats were not significantly affected by feeding of the BCAA diet, those in rats exhausted by acute exercise were 2-4-fold higher in rats fed the BCAA diet than in rats fed the control diet. The activity of pyruvate dehydrogenase complex in the liver and gastrocnemius muscle after acute exercise showed reverse trends; the complex activities (especially in liver) tended to be less in the BCAA diet group than in the control diet group. These results suggest that dietary BCAA spares glycogen stores in liver and skeletal muscle during exercise and that the decrease in pyruvate dehydrogenase complex activity in these tissues by dietary BCAA is involved in the mechanisms. Key Words branched-chain amino acids, glycogen, pyruvate dehydrogenase complex, rat liver, rat skeletal muscle Exercise enhances the protein metabolism in animals (1). The amino acid oxidation promoted by exercise could supply a significant fraction of the energy expen diture increased by exercise. Many researchers pay at tention to branched-chain amino acids (BCAA; leucine, isoleucine, and valine) because they comprise a signifi cantly large amount of indispensable amino acids in muscle proteins and food supplies (2), and leucine has been shown to inhibit protein degradation, stimulate protein synthesis, and promote insulin release from the pancreas (3). It has been shown that BCAA oxidation is greatly increased by exercise or electrical stimulation elicited muscle contraction in humans and rats (4-8).
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The effect of BCAA administration on endurance ex ercise performance was examined in humans and rats. It was reported that BCAA administration prolonged the exercise duration in humans during heat stress and in rats under normal conditions (9, 10) , although there is a report that BCAA administration did not alter exer cise performance in humans under normal conditions (11) . It has been well-known that the glycogen content in the liver and muscle is an important factor for deter mining the ability of prolonged physical performance (12) . These findings suggest that BCAA administration might affect the glycogen metabolism in animals, re sulting in improving prolonged physical performance.
The effects of BCAA administration on exercise per formance and energy metabolism are usually examined by the administration of a single dose of BCAA prior to exercise (9) (10) (11) . However, it has been known that there is an adaptive response of the BCAA catabolism to long term (at least several days) intake of a high protein diet (2). In the present study, we examined the effects of long-term (4 wk) intake, but not a single administra tion, of a BCAA-supplemented diet on BCAA catabolism and glycogen metabolism in rats. The results showed that the diet intake may spare glycogen stores in the liver and skeletal muscle during exercise, presumably due to decreasing glucose oxidation.
MATERIALS AND METHODS
Materials. Male Sprague-Dawley rats (7 wk old) were obtained from CLEA Japan (Tokyo, Japan). All pro cedures involving animals were approved by the experi 71 Table 1 .
Composition of experimental diets.
The diet composition of the control diet was based on AIN 76 (13) with slight modifications according to AIN9 3 (14) . Table 2 ) were analyzed using two-way analysis of vari ance (ANOVA). When significance was established, Fisher's PLSD test was employed (22) . The data from the experiment of acute exercise ( Fig. 1 and Table 2) were analyzed by unpaired Student's t-test. p values less than 0.05 were considered significant.
RESULTS

Experiment1
Food intake, body weight, and liver weight. Food in take was not different among all of the groups ( Table 3 ), indicating that supplementation of BCAA at 4.75% had no effect on the food consumption of rats. This result is consistent with the findings of Anderson et al. (15) .
Rat body weights in both the control diet and BCAA diet groups tended to be slightly less in trained rats than in the sedentary rats (Table 3 ). The liver weights of rats were the same among all of the groups (Table 3) .
Serum BCAA concentrations. Serum BCAA concen trations tended to be decreased by exercise training in the control diet group, although a significant difference was not observed (Table 3 ). The BCAA concentrations tended to be higher in rats fed the BCAA diet than in rats fed the control diet, and exercise training had no ef fect on the concentrations in rats fed the BCAA diet (Table 3 ). The different effects of training between the two diet groups resulted in significantly higher concen trations of leucine, isoleucine and total BCAA in trained rats fed the BCAA diet as compared to those fed the con trol diet (Table 3) .
Hepatic BCKDH complex activity. BCKDH complex is the rate-limiting enzyme to regulate BCAA catabolism and is subject to covalent modification; phosphoryla tion of the El component inactivates the complex and its dephosphorylation reactivates the complex (2, 3). Rat liver contains a markedly high activity of BCKDH complex compared to that in other tissues. The hepatic enzyme plays a very important role in disposing extra circulating branched-chain a-keto acids derived from the transamination of BCAA in rat peripheral tissues (2, 3). The total activities of the hepatic BCKDH complex NS, not-significant. were at the same level among all of the groups (Table  4) . On the other hand, the activity state (percentage of the active form) of the complex in both sedentary and trained rats was significantly increased by intake of the BCAA diet (Table 4) . The activity state only in the control diet group tended to be increased by training, although the effect of training was not significant (Table 4) . Experiment 2 Food intake and body weight. In this experiment, rats in the BCAA diet group were given a diet supplemented with 6.175% BCAA. This diet contained 1.3-fold as much free-BCAA as the diet used in Experiment 1, but the BCAA diet did not affect the food intake as reported previously (15); the food intake was not different among all of the groups (data not shown). The rat body weight revealed the same trend as that of Experiment 1, except that the mean body weight of the rats in each group on the final day of the experiment was 407-469 g. These body weights were somewhat higher than those of Experiment 1. This difference in body weight may be attributed to the initial body weight of the rats; the rat body weight on the initial day of the experiment was approximately 230 g for Experiment 1 and 310 g for Experiment 2.
Serum glucose and insulin concentrations. The serum glucose concentrations were at the same level among all of the groups (Table 5 ). The serum insulin concen tration in rats fed the control diet was significantly de creased by exercise training, and that in rats fed the BCAA diet showed the same trend although the de crease created by training was not significant (Table 5) . It should be noted that the insulin concentration in sedentary rats had a tendency to be decreased by intake of the BCAA diet. The same trend for serum insulin con centrations was observed in Experiment 1 (data not shown). Liver and muscle glycogen contents. The liver glyco gen content tended to be higher in sedentary rats fed the BCAA diet than in other rats, but the difference was not significant (Table 5 ). The glycogen content of gas trocnemius muscle showed a tendency to be somewhat higher in both sedentary and trained rats fed the BCAA diet than in those fed the control diet (Table 5) .
Glut IV content in skeletal muscle. Glut IV plays a very important role in glucose uptake in muscle cells because it is the major isoform of glucose transporters present in mouse, rat, and human skeletal muscle. It is also the major mediator of glucose transport stimulated by insulin and exercise (23) . The content of Glut IV in the gastrocnemius muscle tended to be increased by ex ercise training in rats fed the control diet but not in rats fed the BCAA diet, and that in trained rats was signifi cantly lower in the BCAA diet group than in the control diet group (Table 5) . Effects of acute exercise on serum glucose, glycogen con tents and PDH complex activities in the liver and skeletal muscle. In order to examine the effects of acute exer cise on glucose and glycogen metabolism in both diet groups of rats, half of the trained rats in each diet group were run at a speed of 30m/min for 30 min on the final day of the experiment. After exercise, almost all rats ap peared to be exhausted.
The serum glucose concentration in the control diet group was markedly decreased by acute exercise (Fig.  1 ), but not in the BCAA diet group, thereby resulting in a concentration that was approximately 3-fold higher in the BCAA diet group than in the control diet group.
The liver glycogen content in each diet group had the same trend as serum glucose; the content in rats after acute exercise was significantly higher in the BCAA diet group than in the control diet group (Fig. 1 ). The gas trocnemius muscle glycogen content also tended to be similar to the liver glycogen, although the difference be tween the two diet groups was not significant (Fig. 1) .
PDH complex is an important enzyme for regulating glucose oxidation and is subject to covalent modifica tion as BCKDH complex; phosphorylation of the El component inactivates the complex and its dephospho rylation reactivates the complex (24) . It has been re ported that hepatic glycogen resynthesis during refeed ing is promoted by the suppression of PDH complex ac tivation in rats (25) . Therefore, the PDH complex activi ties in the liver and skeletal muscle were measured in exercised rats. The total activities of the enzyme com plex in the liver and gastrocnemius muscle were not dif ferent between the control and BCAA diet groups ( Table  1) . The actual activity and activity state of the complex in both tissues tended to be less in the BCAA diet group than in the control diet group; especially the differences in livers were significant (Table 1) .
DISCUSSION
It has been reported that when rats consume a high protein diet, plasma BCAA concentrations are elevated, which is associated with an increase in hepatic BCKDH complex activity in rats (3, 15, 26-28). In another re port (26), the elevation of plasma BCAA concentrations caused by a high protein diet was observed in rats killed 3 h after initiation of the meal. In the present study, rats were killed at the postabsorptive state (see Materials and Methods), and serum BCAA concentrations were still significantly higher in rats fed the BCAA diet than in rats fed the control diet. The activity of hepatic BCKDH complex was also elevated, approximately 5-fold in sedentary rats and 2-fold in trained rats, by the BCAA diet feeding, suggesting that the BCAA diet enhanced the BCAA catabolism in the rats.
Although liver and skeletal muscle glycogen contents in rested rats were not significantly different between the control diet and BCAA diet groups, the contents (es pecially in liver) partially decreased by acute exercise tended to be greater in the BCAA diet group than in the control diet group, suggesting that dietary BCAA spares the glycogen storage during exercise. Two possible can didates were considered to be involved in the mecha nisms responsible for the effect of the BCAA diet: one was Glut IV in skeletal muscle and the other was PDH complex in the liver and skeletal muscle. The former regulates glucose uptake into the muscle cells (23) and the latter, which is located at the connecting point of the glycolytic pathway and tricarboxylic acid cycle, reg ulates glucose oxidation (24) .
The Glut IV in skeletal muscle is known to be in creased by exercise training (23) . In the present study, we also found the same tendency in rats fed the control diet. However, the content of muscle Glut IV in rats fed the BCAA diet was not altered by exercise training. These findings suggest that Glut IV is not involved in the mechanisms for the effect of dietary BCAA to spare glycogen, and that the high level of dietary BCAA might suppress the exercise-induced Glut IV expression in skeletal muscle. The mechanisms responsible for the di etary BCAA effect on muscle Glut IV are quite interest ing, but remain to be clarified and are the purpose for our future study.
PDH complex regulates glucose oxidation. It has been reported that hepatic glycogen resynthesis during refeeding after 48 h starvation is promoted by the sup pression of PDH complex activation in rats (25) . In the present study, the serum glucose concentration and liver glycogen content of exercised rats was approxi mately 3-4 fold higher in the BCAA diet group than in the control diet group, and the actual activity of the he patic PDH cooolex was reversed; being approximately 4-fold higher in the control diet group. From these find ings, we support the hypothesis that the hepatic PDH complex plays an important role in glycogen synthesis and suggest that dietary BCAA spares liver glycogen as well as serum glucose during exercise through this mechanism. Further study is required to eluuuidate the mechanisms for decreasing the activity of hepatic PDH complex by dietary BCAA. The same relationship be tween BCKDH complex and PDH complex activities in the rat liver has been observed under starved conditions (3, 25). Although significant differences were not ob tained, the same trends were observed in the relation ship between glycogen content and PDH complex activ ity in the skeletal muscle.
In summary, the results obtained in the present study suggest that dietary BCAA promote BCAA catabolism, being associated with sparing liver and skeletal muscle glycogen during acute exercise. The regulation of PDH complex activity in the tissues is suggested to be in volved in the mechanisms responsible for the glycogen sparing effect of the dietary BCAA. 
